The Amazon River estuary is notable at the Amazon Continental Shelf, where the presence of the large amount water originating from the Amazon during the river's falling discharge period was made evident by the low salini values and high nutrient levels. Even so, the presence of oceanic waters in the shelf area was significant. Dissolve organic nitrogen was the predominant species of the nitrogen cycle phases, followed by total particulate nitroge nitrate, ammonium and nitrite. The chlorophyll a data in the eutrophic area indicated that there is sufficient nitrog in the area to withstand productivity, though dissolved inorganic nitrogen removal processes are faster than regener tion or mineralization. The anomalous amounts of inorganic dissolved nitrogen showed more removal than additio The simulations with the bidimensional MAAC-2D model confirmed that high nutrient waters are displaced northwes ward (two cores at 2.5 • N-50 • W and 4 • N-51 • W) by the stronger NBC during falling river discharge. During high riv flow period these nutrient-rich lenses are distributed around 0.5 • N-48.5 • W as well as along the shallow Amazoni shelf (20m-50m depth, 1 • N-3.5 • N), as a result of the spreading of Amazon freshwater outflow.
INTRODUCTION
The equatorial Atlantic region has an important role over the thermohaline overturning cell and the global heat and freshwater budgets. The major ocean current reaching the Amazon mouth is the North Brazil Current (NBC), a northward flowing western boundary current that carries warm water across the equator, this seasonally retroflects into the North Equatorial Counter Current (NECC), which contributes to the formation of the anticyclone current rings (NBC rings). This region is also very complex by the generation and evolutions of tween different zonal currents and water masses formations. The NBC rings are a significant cont to transporting water across current gyres and b hemispheres in the tropical Atlantic (Bourlès et al Johns et al. 1998 , Schott et al. 2003 . In this c the Amazon and Pará rivers are the main cont forcing to the adjacent coastal waters, giving rise terations in local and remote hydrological param Only for example, the water discharge of the A River into the continental shelf is between 100,000 and 220,000 m 3 s -1 , and the solid discharge is o III (1999) and Operation Norte IV (2001) -were performed during the periods of high and falling discharge of the Amazon River, respectively. Based on the physical and chemical data of the North III Operation, Santos (M.L.S. Santos, unpublished data) characterized the Amazon Continental Shelf as a eutrophic environment, particularly because of the chlorophyll a values, which had a median of 1.64 mg m -3 .
As described by Humborg (1997) , increase in the primary productivity in this shelf occurs where nutrient concentrations and the penetration of light are favorable to phytoplankton growth. According to DeMaster and Pope (1996) , the external source of nutrients responsible for algal blooms on the outer shelf depends on which nutrients predominate. Nearly all of the silicate (83%) and most of the nitrate (62%) supplied to the outer shelf come from the river itself, whereas only half of the phosphate and only a fifth of the ammonium have a river source. The shoreward advection of subsurface waters is the dominant ammonium source and an important source of phosphate to the algal blooms on the outer shelf. This flow carries 5-10 times the annual flow from the Amazon River.
The overall goal of this research was to examine the processes controlling nutrient uptake and primary production on the Amazon shelf. To reach this goal, three specific objectives were pursued:
• A study of the distribution of abiotic parameters during the Amazon River's falling discharge period;
• Determining the concentration of nitrogen comnitrate in the Amazon Continental Shelf, during the high and falling discharge periods.
STUDY SITE
The Amazon shelf, which lies between the Pará estuary and approximately 5 • N and between the coast and 100 m isobaths, has a broad gently dipping inner shelf (approximately 250 km in width), a steeper middle shelf (40-60 m depth), and an outer shelf extending to the shelf break at the 100 m isobaths (Nittrouer and DeMaster 1996) . Circulation on the Amazon shelf is a result of the complex interaction of river discharge, strong tidal currents, wind stress and the flow, close to the shore, of the North Brazilian Current (Nittrouer et al. 1991) . Mixing of river and ocean waters occurs out on the Amazon shelf.
The magnitude and nature of the North Brazilian Current changes seasonally. The highest flow (30 Sverdrup) occurs in August (low river discharge); the lowest flow (10 Sv) takes place in April, during the high discharge period (Philander and Pacanowski 1986) . From January to June, the North Brazilian Current moves northward along the coast of South America. Between June and December, however, the current retroflects eastward at about 5 • N (Muller-Karger et al. 1988) .
Depending on the location on the shelf, as well as on the tidal regime (high/low, spring/neap), the river/ ocean mixing zone can be characterized by isohaline distributions consistent with the classic "salt wedge" model or the "partially well-mixed" model of estuarine circulation . Dissipation of tidal energy is a very important process, affecting salinity distributions on the shelf (Beardsley et al. 1995) , as well as sediment transport (Kineke et al. 1996) .
Winds on the shelf are predominantly easterly trade winds, which are most intense between January and March and weakest in August and September (Picaut et al. 1985 , Lentz 1995a . Lentz (1995b) concluded that even weak along-shelf wind stresses induce very strong surface currents, because the Amazon plume in the along-shore current component leading the plume northwestward, Lentz also showed that the ambient flow was highly influenced by the semi-diurnal tidal component variation.
MATERIALS AND METHODS

ANALYTICAL METHODS
Water samples were collected in 5 L Niskin bottles, distributed in a Rosette connected to a CTD (Conductivity, Temperature, Depth), in 41 oceanographic stations located in the Amazon Continental Shelf (Fig. 1) , during the North IV Operation (August 2001).
The following physical and chemical parameters were determined on board the ship: temperature and salinity (recorded from the data obtained with the CTD); dissolved oxygen (DO), determined by Winkler's method, described in Strickland and Parsons (1972) ; saturation rate of dissolved oxygen, obtained using UNESCO's International Oceanographic Tables (1973) ; pH, measured with a HANNA pHmeter; and water transparency (determined with a Secchi disk), which allowed separation of the water column in the euphotic and aphotic layers.
To determine phosphate, ammonium, nitrate, nitrite and organic dissolved nitrogen, the water samples were filtered in 0.45μm GF/F Whatman filters, stored in 500-mL polyethylene flasks and frozen. To determine total nitrogen, the water samples were stored in 250-mL polyethylene flasks, without filtering.
Subsequently, the frozen water samples were thawed at the Oceanography Laboratory of the Pará Federal University, and analyzed in duplicate to determine the concentrations of the nutrients mentioned above, according to the methodology described in Grasshoff et al. (1983) . The water required for the analyses was taken from an ALPHA Q. The precision of nutrient measurements was 2-5%.
The total particulate nitrogen concentration (TPN) was obtained from analyses of the total nitrogen (in the unfiltered sample) and total dissolved nitrogen (in the filtered sample) by the oxidation method using potasThe dissolved organic nitrogen concen (DON) was estimated from the medians of the ses made on the filtered samples, as the differen tween dissolved total nitrogen and inorganic dis nitrogen (sum of nitrate, ammonium and nitrite).
The particulate organic and inorganic ma (POM and PIM) were determined by the grav method described in Paranhos (1996) . For chlor a, the analyses were performed at the Laborató Produtividade Primária of the Oceanography D ment of the Federal University of Pernambuco the method described in Teixeira (1973) . In the permanent situation ∂C ∂t ∼ = 0 , eq. (1) becomes:
Eq. (2) allows a simple analytical solution when we consider initially J(x, y) = 0, as follows:
C h = c 1 e r 1 y + c 2 e r 2 y
where the values of r 1 and r 2 are the roots of the characteristic (second degree) equation given by,
The coefficients c 1 and c 2 in the eq. (3) are obtained from the resolution of a system of two first degree to two unknown equations, with the use of values of C in the limits y = 0 and y = y max (boundary conditions given by the field data). For J(x, y) = 0 a source term appears as the solution of eq. (2). This term has the specific solution C part. = J(x, y)/ψ, that should be added to the solution of the homogeneous equation. Therefore the complete solution of eq. (1) is obtained as a linear combination of both homogeneous and particular solutions:
The term J(x, y) in eq. (2) confers the bidimensional character to the model. This term is related to the external bearing of constituent C, representing mainly the conti-taken into account through an exponential decay in the following way:
where (x, y) is the transport at the coordinate (x, y) of the study area, J(0, y) is the continental contriburtion at the lower edge of the study area (x = 0), situated closer the coastline. λ is the decay coefficient (m -1 ) for the continental input, and x is the cross-shore distance along the OX axis (m).
It is important to stress that the use of the MAAC-2D model is limited to bidimensional geophysical flows submitted to mean horizontal velocity fields. The model is not able to reproduce vertical transport and state variable distributions along the water depth. By the same time, MAAC-2D routines can only take into account water quality constituents driven by biogeochemical transformations that may be mathematically represented through first order kinetics. In this sense, toxic and heavy metals compounds cannot be simulated by MAAC-2D model. Figure 2 shows the sampling stations of Operations Norte III (high discharge of the Amazon River) and Norte IV (period of falling discharge of the Amazon River), bounded by the integration domain used in the simulations with MAAC-2D model.
The boundary conditions in eq. (2) are given by the nutrient concentration values at the extremes y = 0 and y = y max , by the along shore ocean current intensity v, and by the term J(0, y) at eq. (6). These conditions were tested and chosen in order to represent numerically the situations observed during the river's high discharge period, as well as during the falling discharge period. The average current intensity v (of the North Brazil Current -NBC) used in simulations was estimated from the in situ measurements and calculus of Schott et al. (1998) and Johns et al. (1998) . These authors covered the hydrography of the northern Brazilian coast in different transversal sections (i.e.: 35 • W and 44 • W) using a LADCP (Lowered Acoustic Doppler Current Profiler).
The horizontal dispersion coefficient K and the is associated to the reduction of the continental bution of nutrients along the OX axis. Table I the boundary conditions and the values of the ra coefficients used in the simulations with the MAA model. The values for K and ψ were estimated fr theoretical/experimental results in addition to pr numerical works involving the study area (CL team 2000 , Silva 2006 , Silva et al. 2007 ). The shore decay λ for N and P, and those of J(0, y) we ibrated taking into account the best agreement b numerical results and experimental sea data. Th set of parameter values (see Table I ) was obtained the minimum value of the objective function
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RESULTS
PERIOD OF FALLING DISCHARGE
The descriptive statistics for the data recorded in the euphotic (13 m average depth) and aphotic (20 m average depth) layers are given in Tables II and III, respectively. The median values are higher for temperature, DO and dissolved oxygen saturation rate in the euphotic layer, whereas the aphotic layer has larger medians for nitrate, nitrite, phosphate, PIM and POM. Salinity, pH and ammonium medians are very similar in the two layers. These differences indicate that photosynthesis in the euphotic layer favors an increase in dissolved oxygen, whereas, in the aphotic layer, the remineralization of organic material liberates nutrients in their inorganic form (nitrate and phosphate). The larger POM value for the aphotic layer indicates the liberation of organic material from several kinds of detritus, such as fecal balls and fragments of animal and plant tissue. The PIM increase may be associated to a resuspension of the deep sediments.
The box-and-whisker plot in Figure 3 allows a visual comparison of the temperature and salinity distributions in the euphotic and aphotic layers. In this kind of plot, the height of the box represents the interquarjected to an autoscaling transformation, which consists in subtracting from the original values the mean of all recorded values for the variable under consideration and then dividing this difference by the standard deviation of the same data. Consequently, the values become dimensionless and can be easily compared. One of the features that stand out in Figure 3 is the large skewness of the salinity values, indicated by the long whiskers toward lower values. This is consistent with the location of sampling stations at the Amazon estuary. The temperature values are more spread out -and toward lower values -in the aphotic layer. This is also to be expected, as this layer corresponds to sampling points not affected by sunlight.
The boxplot of the autoscaled nutrient values is shown in Figure 4 . They all have very skewed distributions, with long upper tails and smaller median values in the euphotic layer (nitrate = 2.12μmol L -1 , nitrite = 0.05μmol L -1 , ammonium = 0.10μmol L -1 and phosphate = 0.18μmol L -1 , as given in Table II ). The interquartilic width for the nitrogenated forms indicates a variation in the distribution of the concentrations of these nutrients in both layers. In the euphotic layer, the nitrate and nitrite medians are closer to the minimum values, indicating a larger concentration of values close to the lower quartile. The interquartilic distances for phosphate are similar in both layers, with a larger median in the aphotic layer (0.30μmol L -1 , Table III) . Tables II and III . These relatively high concentrations of suspended material may be related to the process of resuspension during sampling operations. The POM distribution is also quite skewed in both layers, with lower medians in the euphotic layer. The upper limit for this layer corresponds to 94 mg L -1 , determined at Station 100, close to the mouth of the Amazon River. Even though the maximum single POM concentration has been detected in the euphotic layer, the POM levels in the aphotic layer were generally higher, as indicated by the positions of the respective boxes and the 46.80 mg L -1 median value (Table III and Fig. 5 ).
The PIM distributions follow the same pattern, with the difference that the median values are quite close for the two layers (euphotic: 23.10 mg L -1 ; aphotic: 26.60).
This may be explained by the balance between the resus- superficial data. The distribution of DIN anomalies (Fig. 6) shows positive rises between the mouth of the Amazon River and Cape Orange, suggesting that in this area the addition of this nutrient occurs not only through fluvial input, but also through other processes such as, for example, nitrification and the oxidative decomposition of organic material. On the other hand, negative amounts predominated in a large area of the Amazon Continental Shelf, indicating larger removal than addition of dissolved inorganic nitrogen. The superficial phosphate and nitrate data ob during the North III Operation (1999), carried ou high discharge period, are presented in Figures 9 a respectively. As in the previous figures, field d comparable to those derived from the MAAC-2D simulations.
DISCUSSION
The temperature dispersion in the euphotic la slightly skewed, with a median close to the high ues and a longer lower tail. In the aphotic lay skewness is less pronounced, with smaller medi minimum values, indicating a temperature drop w creasing depth, as one would expect (Fig. 3) . T dian temperature in this layer was 27.51 • C, while euphotic layer it was 28.08 • C (Tables II and II  distribution in the euphotic and aphotic layers, respectively), with the medians very close to the maximum values (Tables II  and III ). The interquartilic distance in the aphotic layer is significantly lower, indicating a narrower distribution for the salinity rates, as shown in Figure 3 .
The low salinity values caused by the Amazon River discharge are observed in a northwesterly direction, due to the transport performed by the North Brazilian Current. Lentz (1995a) observed that from August to October approximately 70% of the Amazon plume is transported westwards, during the retroflection of the North Brazilian Current, while the remaining 30% are advected in a northeast direction towards the Caribbean. The mixed zone between the river and the ocean occurs at the shelf, because of the Amazon River immense discharge .
According to Carvalho and Cunha (1998) , the Andean Mountain Chain (source of the Solimões and Madeira Rivers) constitutes the main natural source of sediments for the Amazon River. The suspended material in the Amazon Basin is not uniformly distributed. In 1983, during the high discharge period, Curtin and Legeckis (1986) These authors described the suspended inorganic material as consisting of sandy grains and non-combustible biogenic material, in approximately equal proportions.
In the present study, POM quantities were larger than those described by Milliman et al. (1974) . However, several physical processes, in addition to the seasonality of the river discharge, characterize the hydrodynamics of the Amazon Continental Shelf. than those verified in the falling discharge period. The low ammonium concentration is the result of the heavy consumption of this nitrogenated form, which is easily assimilated by phytoplankton, and of nitrification. The development of the marine phytoplankton is associated to the recycling of the ammoniacal nitrogen, by excretion and by degradation of dead organic material. According to Braga (E.S. Braga, unpublished data), the preference that the great majority of the marine phytoplankton has for assimilating this nitrogenated species, is largely due to the energetic gain involved in its metabolism. In oligotrophic waters, ammoniacal nitrogen assimilation can supply 80% of the local population's nitrogen requirements.
Nitrite represents an intermediary phase between Total dissolved nitrogen (TDN) becomes lower with increasing depth (Tables II and III) . The TDN distributions are similar to the DON distributions. On the other hand, total particulate nitrogen amounts (TPN) increase as depth increases. This suggests that the resuspension of the particulate material, phytoplankton growth and sedimentation may have contributed to the higher TPN values observed at deeper sampling stations. described the difference between the actual dissolved inorganic nitrogen concentration (DIN) and the theoretical concentration of the mixture diagram as an anomaly of the Amazon Continental Shelf. Positive values would indicate the addition of inorganic nitrogen and negative values, the removal of this nutrient. The data of these authors reflected more assimilation than regeneration, with a negative anomaly for this nutrient.
The distribution of DIN anomalies (Fig. 6) shows positive peaks between the mouth of the Amazon River and Cape Orange, whereas negative amounts predominate in a large area of the Amazon Continental Shelf.
The data for chlorophyll a is consistent with a eutrophic area (1.67 mg m -3 median), indicating that there is sufficient nitrogen in the area to withstand the productivity, although with DIN removal processes that are faster than regeneration or mineralization. One can observe that nitrogen is mainly available in the two first sections of the cycle phase, in the TPN and DON forms.
The simulations with the MAAC-2D model pointed out differences in the distribution of the superficial concentrations phosphate and nitrate, according to the seasonality of the discharge of the Amazon river. High concentrations throughout the Amazon Continental shelf observed from sea data were well reproduced by the model.
During periods of transition between high and low discharges (Operation Norte IV - Figs. 7 and 8 ) the ad-NBC currents are also accelerated by the stronge winds (da Silva et al. 1994) , and reach their maxim late summer, connecting with eastward NECC t the Guyana retroflection zone (Schott et al. 1998 , Bourlès et al. 1999 . So, during t riod the cores of high nutrient concentrations are p in the northern part of the integration domain s this time the transport by the NBC is greater and s nutrient rich (and low salinity) waters would b placed and spread northwestward (Müller-Karge 1988 , Johns et al. 1990 , Hu 2004 ). In particular model results confirm the ence of two main cores of phosphate (Fig. 7) and (Fig. 8) 
CONCLUSIONS
The presence on the Continental Shelf of water the Amazon River is indicated by low salinity together with high levels of nutrients and total ulate material. On the other hand, the presence oceanic waters is significant during the falling charge period.
During this period no large variations we served in pH levels, the belt was always alkalin the dissolved oxygen values characterize the are and for the aphotic layers. The figures for nitrate and ammonium indicate a non-impacted area, and the anomalous negative values of the inorganic dissolved nitrogen in a large area of the Amazon Continental Shelf show that there is more removal than addition of this nitrogenated form.
The data for chlorophyll a in the eutrophic area indicate that there is sufficient nitrogen to withstand productivity in this area, though with DIN removal processes are faster than those of regeneration or mineralization.
Simulation results obtained with the bidimensional analytical approach MAAC-2D model confirmed that the main geophysical processes contributing to the horizontal distribution of nutrients in the Amazonian shelf is the temporal changes in continental rivers discharges associated to seasonal variability of NBC and trade winds. During periods of transition between high and low discharges high phosphate and nitrate concentrations are present in the northern part of coastal area once nutrients are transported northwestward by a strongest NBC, while during the high discharge period phosphate and nitrate concentrates on the central and southern parts of the Amazonian shelf, as a result of the spreading of Amazon freshwater outflow.
